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arge woody debris (EWB) controls many of the structural and functional properties of sinaller streams in forested areas (Bilby and Likens 19864; H m o n et al. 1986; Bisson et al. 1987; Bilby and Ward 1989) . Wood affects channel f o m through the formation and stabilization of pools, waterfalls, and gravel bars (Heede 1972; Bilby 1981 ; Lisle and Kelsey 1982; Lisle 1986 ). LWB influences sediment routing t h u g h the formation of depositional sites and the creation of waterfalls, which reduce the efficiency of downstream transport of particulate materials (Heede 1972; Swanson and Lienkaempr 1978; Beschta 1979; Bilby 198 1 ; Megahan 1982) . A large proportion of the standing stock of particulate organic matter in streams is often associated with LWB (Naiman and Sedell 1979 Bilby and Likens 1980) . Wood also provides habitat fksr some invertebrates (Benke et al. 1984) and fishes (Bustad and Narver 1975; Bisson et al. 1982; Tschaplinski and Hartman 1983; Dolloff 1986; Elliott 1 986; McMahon and Hmman 1989) .
Features of the stream channel and the bordering riparian vegetation influence the amount and function of LWB. Channel size affects both wood amount and the relative influence of LWB on channel features (Swanson et al. 1976; Bilby 1979; Long 1987; Bilby and Ward 1989) . Density of streamside trees is positively correlated with LWB amounts in some systems (Long 1987; Bilby and Wasseman 1989) . Morphology of the bed may also influence LWB amount (Bilby and Wasserman 1989) . Susceptibility of riparian trees to windthrow can play a mqjor role in determining quantities of LWD in streams (Lienkaemper and Swanson 1987; Robison and Beschta 1990) .
Various management activities in and adjacent to the channel have also influenced EWD amounts and characteristics in Pacific Northwest streams. Removal of wood from rivers for navigation or to provide upstream access for anadromous fishes has greatly reduced LWD amounts in some systems (Sedell and Luchessa 1982; Bilby 2984) . Use of splash dams for log transport, a practice which was used widely in the Pacific Northwest until the 1950s, also reduced wood amounts in many streams (Wendler and Deschamps 1955) . Removal of streamside timber during logging occumed until the early 1980s in the Pacific Northwest. While this practice no longer occurs, there are many streams where amount of LWD and the composition and stmcture of the riparian vegetation were influenced as a result of this activity.
Several conceptual models of the influence of streamside timber removal on amount of LWD have been developed (Swanson and Lienkaemper 1978; Likens and Bilby 1982; Grette 2985; Muvhy and Koski 198%) . In general, these models predict a decrease in LWD over time as a result of decay of wood present in the channel prior to disturbance coupled with decreased input from the riparian area.
Relatively few data have been collected to validate these models. Comparisons of the amount of LWD in streams flowing through old-growth and previously logged forests in several areas in the Pacific Northwest have verified the decrease in wood after removal of the streainside vegetation (Grette 1985; Long 1987 ). Some information is also available on the influence of stream size and channel ch~acteristics on the rate of change in LWD amount after removal of streamside vegetation (Long 1987; Murphy and Koski 1989) . However, little is known about the changes in the characteristics of pieces of LWD or their function over time after removal of streamside vegetation or the rate at which these changes occur. The purpose of this study was to compare LWD abundance, characteristics, and function in streams bordered by forests of differing ages: oldgrowth forest, recently clear-cut areas, and 40-to 60-yr-old second-growth forest. Comparison of the three stand age-classes provides an indication of the rate at which changes in LWB occur following timber removal from the riparian area.
Description ref Study Sites
Measurements of LWD abundance, characteristics, and associated channel features were made on 70 stream reaches in southwestern Washington. All sites were located in the foothills sf the Cascade Range or the Willapa Hills. Streams ranged from second order to fifth order with drainage areas from 8.4 to 137 km2. Bankfull channel widths ranged from 3.1 to 23.5 m. All stream reaches surveyed drained watersheds underlain with volcanic bedrock (Huntting et al. 1961) .
One of the most important factors in selection of the sites was the condition of the vegetation adjacent to the surveyed reach. Three stand-age classes were examined: (1) undisturbed, old-growth forest, (2) clear-cut to the channel's edge within 5 yr of the survey, and (3) second-growth forest which had been clear-cut to the edge of the channel 4Q-68 yr prior to our survey. The clear-cut and second-growth classes had been logged only once.
Sites where factors other than stream size and vegetative characteristics sf the riparian zone were likely to have influenced LWD were not surveyed. Stream reaches which had been splash dammed at some time in the past were excluded (Wendler and Beschamps 1955) . In addition, streams flowing through clear-cut areas which exhibited evidence of post-harvest channel cleaning were avoided, although selective removal of merchantable wood f r~m the stream during or after logging could not be detected. We also avoided reaches which showed evidence of being influenced by landslides or debris torrents during the recent past.
Mean annual precipitation at the sites varied from 180 to 280 cna, primarily as a result of changes in elevation (Sternes 1969) . However, all sites were located within 100 km of one another and thus were likely exposed to a relatively similar history of high discharge events, which play a major role in determining EWD distribution (Bilby 1984; Lienkaemper and Swanson 1987) .
Methods
Aerial photographs were utilized to identify streams bordered by appropriate forest conditions. These sites were then examined on the ground to determine if they met the criteria outlined above. Once sites were located, watershed area above the surveyed reach was determined from U.S. Geological Survey topographic maps (scale 1:62500). Additional detail on the techniques employed in this study may be found in Bilby and Ward (19891, We defined EWD as any piece of wood larger than 10 cm in diameter and 2 m long. Organic material not qualifying as LWD by this definition was considered fine organic debris.
All pieces of LWD within the bankfull channel of the surveyed stream reaches were measured with the exception of those pieces which were either floating free in the channel or resting in an unstable position atop a LWD accumulation. These pieces were considered to have a minimal impact on the channel form or stream function and thus were omitted. However, these pieces were rare and nearly all pieces meeting our size criteria were included in the survey.
We attempted to measure at least 50 pieces of wood at each study site. However, LWD was rare at some of the sites and riparian stand conditions changed before 50 pieces were encountered. Due to our criterion of 50 pieces of LWD per site, the length of stream channel surveyed varied with changing LWD abundance, ranging from less than 100 m to nearly 1.5 km.
Characteristics of the LWD pieces which were measured included diameter, taken at the center of the piece, length in and out of the channel, and the species of tree that produced the piece. Advanced decay prevented identification of species for about 10% of the surveyed pieces. Channel characteristics associated with LWD which were measured included surface area of pools, surface area of sediment accumulations, height of waterfalls, and volume of fine organic debris (organic material less than 10 crn in diameter and 2 m in length, including twigs, leaves, needles, etc.).
Average size of LWD pieces was compared between sites with a debris volume index (Bilby and Ward 1989 )* This variable was calculated by determining the geometric mean diameter and geometric mean total length (both in and outside the channel) for debris pieces in each surveyed reach. Frequency distributions of LWB diameters and lengths were skewed heavily towards smaller size classes; thus, a geometric mean was used to calculate average values for these variables (Bilby and Ward 1989) . The debris volume index is the volume of a cyl- inder with dimensions equal to the geometric mean diameter and length for each reach. LWB-associated pools were assigned to one of four classes based on their morphology and method of formation (Bisson et al. 1982) . The four classes we recognized were scour pools, plunge pools, backwater pools, and dammed pools.
The influence of fine organic debris on LWD function was examined by comparing the proportion of pieces of LWD retaining large amounts of fine debris (20.5 m") associated with pools, waterfalls, and sediment accumulations with the proportion of pieces of LWD retaining lesser amounts of fine debris associated with these channel features. The same comparison was made between the different pool types to determine if the presence of fine debris favored the formation of certain kinds of pools.
The amount, characteristics, and function of LWD change with changing stream size (Bilby and Ward 1989) . Thus, stream size had to be considered in comparing LWD features and function between the three stand-age classes. Because of the variation in precipitation between the study sites, channel width, rather than watershed area, was used as an index of relative stream size.
Regression of LWD features or function against channel width was used for some of the analyses in this study. In cases where regression techniques were not used, streams were segregated into three channel-width classes: <7 rn, 7-10 m, and >7 m. There were about an equal number of sites in each stream-size class for each stand-age class. Statistical comparisons of percentage values between stand-age classes and stream-size classes were made using a t-test for equality of two percentages (Sokal and Rohlf 1969) .
Results
Abundance, Size, and Species LWD abundance decreased with increasing stream size for all three stand-age classes (Fig. B ) . However, old-growth sites had more wood than similarly sized streams at second-growth
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FIG. 2. Comparison of debris volume index (see text for definition)
between stand-age classes for channels <7, 7-10, and > 10 rn wide.
Numbers above the bars indicate significant differences from other stand-age classes (t-test; p < 0.05). Debris volume index increased with increasing stream size at the old-growth sites (Fig. 2) . However, no relationship between piece size and stream size was observed for clear-cut or second-growth sites. The debris volume index for old-growth sites was about four times greater than the other two stand-age classes for streams >10 rn wide (ANOVA; p < 0.05). LWD piece size was also significantly greater at old-growth sites than at second-growth sites in channels 7-10 rn wide. No statistical differences in piece size were observed between stand-age classes for streams <7 m wide.
There were significant differences between stand-age classes in the species distribution of the LWD ( Fig. 3 ; t-test;p < 0.0%). Western redcedar accounted for 40% of the debris pieces in the old-growth systems but csntributed significantly lower proportions of EWD to clear-cut and second-growth sites. Douglas fir, the most commonly encountered species in all stand-age classes, contributed significantly more pieces of LWD in clear-cut systems than in the other two stand-age classes. The proportion sf western hemlock was relatively low and progressively decreased from old-growth to clear-cut to second-growth sites. Red alder contributed significantly more pieces of LWD to second-growth sites than to old-growth or clear-cut sites. No differences were observed by stand-age class in the proportion of LWD contributed by bigleaf maple. However, this species did not produce more than 5% of the wood in any of the stand-age classes.
Pools
The frequency of occurrence of different types of pools asssciated with LWD changed with stand-age class and stream size (Fig. 4) . Pool types were the most diverse in streams bordered by old-growth forest. In these systems, scour pools increased and plunge pools decreased in abundance with increasing stream size (t-test; p < 8.05). Scour pools occurred significantly more frequently in clear-cut and second-growth systems than at oldgrowth sites for all three stream-size classes and were the predominant pool type in all stream-size classes at clear-cut and second-growth sites. Plunge pools formed by LWD were significantly more common at old-growth sites than at secondgrowth sites for all stream-size classes and at clear-cut sites in streams <7 m wide.
ackwater and dammed pools formed by LWD occurred less uently than other pool types in all stand-age classes (Fig. 4) . ackwater pools were more common at old-growth sites than at second-growth sites for all stream-size classes and at clearcut sites for streams <7 m wide and >10 m wide (t-test;
Frequency of LWD-associated pools decreased with increasing stream size for all three stand-age classes (Fig. 5 ) but was significantly greater at old-growth sites than at the other two stand-age classes (t-test; p < 0.05). Pool frequency was most similar among stand-age classes in smaller streams. Differences increased with increasing stream size, and frequency of pools associated with LWD in old-growth sites was more than twice that of second-growth sites and three times that of clear-cut sites for streams 15 m wide.
Surface area of debris-associated pools was not significantly different among the stand-age classes for streams <' 7 rn wide or 7-18 rn wide (Fig. 6) . However, average pool surface area was significantly greater in streams > 18 m wide at old-growth sites (t-test; p < 0.05), averaging more than twice the area sf pools in clear-cut and second-growth systems. Channel Width 
Waterfalls
The proportion of pieces of LWD forming waterfalls was significantly greater at old-growth sites than at the other two stand-age classes for all stream-size classes ( Fig. 7A ; t-test; Regression equations are a follcaws: old-growth, log,,, sediment volume = -0.66 channel width -1.16 (r2 = 0.48); clear-cut, log,, volume = -0.09 channel width -1.70 (r2 = 0.59); second-growth, log,, volume = -0.09 channel width -1.57 (r' = 0.57).
p < 0.05). The proporti~n of pieces forming waterfdlls was greater in streams <9 m wide than in larger systems for all three stand-age classes (t-test; p < 0.05).
The prcapoaion sf the drop in elevation of a stream reach accounted for by summing the heights of waterfialls formed by LWD decreased with increasing stream size (Fig. 7%) . Oldgrowth sites displayed a greater cumulative elevation drop caused by LWD than the other stand-age classes in streams 7-10 rn wide and greater than the clear-cut sites in channels > 10 rn wide (f-test; p < 0.05).
Sediment
Brspoflion sf the streambed covered by sediment stored by LWD decreased with increasing stream size for all three stand- age classes (Fig. 8) . Area of LWD-associated sediment was greater at old-growth sites than at the other two stand-age classes for all stream sizes (t-test; p < 0.05). Differences in this variable among the stand-age classes increased with stream size, with an estimated 16, 8, and 9% of the bed surface covered with LWD-associated sediment in channels 5 m wide at oldgrowth, clear-cut, and second-growth sites, respectively, compared with 2.5, 0.5, and 0.7% in channels 15 m wide.
Fine Organic Debris
The volume of fine organic debris per square metre of channel surface area decreased with increasing stream size for all stand-age classes (Fig. 9 ), but more fine debris was retained by LWD at old-growth sites than at the other two stand-age classes (t-test; p < 0.05). Volume of fine organic debris stored by EWD in channels 5 m wide was estimated at 0.035, 0.007, and 0.01 0 m3.m -2 at old-growth, clear-cut, and second-growth sites, respectively. The corresponding values for a 15-m-wide channels were 0.0087, 0.0010, and 8.0013 m2.mP3, respectively.
Fine Organic Debris and EWD Function
Differences between stand-age classes in the frequency of debris-associated pools (Fig. 5) were partly due to a greater amount of fine debris at old-growth sites, although the relative abundance sf LWD also was an important factor. In all standage classes, pools were associated with pieces of LWD retaining 20.5 m3 of fine debris significantly more frequently than with LWD retaining <0.5 m3 of fine debris (Table 1 ; t-test; p < 0.05). About 20% of the pieces sf LWD at the old-growth sites had fine debris accumulations 20.5 m3 compared with 6% at clear-cut and 7% at second-growth sites.
The increased diversity of pool types observed at the oldgrowth sites may have been related to the large amount of fine organic debris at these sites (Table 2 ). Plunge and dammed pools were associated with accumulations of fine debris 20.5 m3 significantly more frequently than scour pools in all three stand-age classes (t-test; p < 0.05). Both plunge pools and dammed pools tend to be formed by obstructions that completely span the channel (Bilby and Ward 1989) . Fine debris fills in the gaps in the framework provided by the LWD, resulting in more efficient blockage of stream flow. Since larger fine debris accumulations were rare at clear-cut and second-growth sites (Table I) , it is not surprising that plunge pools were rare and scour pools comprise the vast majority of pools in these systems.
Amount of fine organic debris associated with LWD also may have influenced the formation of depositional sites. LWD with fine debris accumulations 264.5 m3 retained sediment sig- 
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Sign. diff. N nificantly more frequently than EWD pieces with less fine debris ( Table 3 ; t-test; p < 0.05). Thus, accumulations of sediment associated with LWD were more frequent at old-growth sites due to both high levels of LWD and large amounts of fine debris.
Discussion
Effect of Riparian Timber Harvest on LWD Reduction in LWD amount and piece size as a result of timber harvest has generally been assumed to occur gradually due to a decrease in EWD input coupled with decomposition of material in the channel. However, our data indicate that many changes in EWD abundance, characteristics, and function occur during or shortly after timber harvest. During the 5-yr period separating our old-growth and clear-cut sites, wood amount decreased, average piece size in channels >10 rn wide decreased, md the species mix of the LWD changed. It is unlikely that these changes could be attributed solely to decomposition of residual LWD and reduced LWD input over this short time period. The decrease in ahndance of large, redcedar logs between the old-growth and clear-cut sites suggests that selective removal of this material from the channel during or shortly after logging may have been a factor in the reduction in EWD. Salvage of redcedar after timber harvest Is a common practice in the Pacific Northwest. Removal of LWD from streams also has been shown to destabilize wood remaining in the channel (Bitby 1984), thus promoting flushing of wood downstream and contributing to the decrease in LWD amount. Selective removal of larger logs from channels may also be partly responsible for the lack of relationship between stream size and debris volume index at clear-cut sites. However, since no records of wood salvage from stream channels are kept, the extent to which this practice occurred on our study sites cannot be determined.
Changes in LWD characteristics from the clear-cut to secondgrowth conditions likely reflect decomposition of residual wood in the channel coupled with reduced input and a change in the composition of the riparian vegetation, The progressive decrease in western hemlock abundance with time after harvest Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by University of British Columbia on 01/24/13 indicates elimination sf this species from the system without replacement. Since hemlock is less decay resistant than many other conifer species, reduction in its abundance should occur relatively rapidly. The increase in red alder debris in streams in second-growth sites is due to the abundance of this species at the second-growth sites. There were very large differences between stand-age classes in the amount sf fine debris stored by LWB, with old-growth sites containing more fine debris than the other two stand-age classes. Three factors contributed to the large amount of LWDassociated fine debris at the old-growth sites: abundant LWD to retain fine organic matter, a high rate of input from the terrestrial system (Gregory et al. 1987) , and high proportions of debris from decay-resistant coniferous trees (Harmon et al. 1986 ). In contrast, the clear-cut sites have less LWD, very low contributions of organic matter from the terrestrial system, and a high proportion of material from deciduous trees or herbaceous vegetation, which decomposes rapidly. The secondgrowth sites have conditions intermediate to the two other standage classes, with little LWD and inputs of relatively easily decayed terrestrial debris (primarily red alder litter).
Differences between the three stand-age classes in certain characteristics and functions of LWD are accentuated in Iarger streams. Average piece size, pool frequency, and average pool area exhibit less difference in smaller streams than in larger systems. Differences by stand-age class in the mount of sediment accumulated by LWD or amount of fine organic matter associated with wood are less affected by stream size. In general, however, changes in LWD features and function after timber harvest of streamside vegetation tend to be most pronounced in larger streams.
Changes in LWD over Time
Models of changes in LWD abundance following removal of riparian trees have assumed a relatively slow decline caused by decomposition of residual in-channel wood. Swanson and Lienkaemper (1978) hypothesized that relatively little change in preharvest levels of LWD in Pacific Northwest streams would occur for 50 yr due to slow decomposition of pre-harvest LWD. A model by G~t t e (1985) proposed a linear decline in LWD mount with time, at a rate of slightly less than 1 %.yr-' . Input of LWD from the deciduous riparian vegetation resumes
None of these models, however, accurately predicted the patterns of change in LWD abundance reported here. Using the regressions developed from our data for LWD frequency (Fig. 1) and average debris volume index (Fig. 2) , we estimated wood volume in streams 5, 10, and 15 rn wide for each stand-age class (Fig. 10A ). The regressions in Fig. 5, 8 , and 9 were used to calculate pool frequency, area of sediment accumulations, and vc~lume of fine organic material (Fig. 1OB , I OC, 1OD). Three channel widths were examined, since mean LWD piece size is influenced by stream size (Bilby and Ward 1989) and, as a result, has an influence on input and elimination rate (Likens and Bilby 1982; Murphy and Koski 1989) . We have assumed that our clear-cut sites were all 5 yr post-hmest and the second-growth sites were all 50 yr post-harvest.
Total volume of LWD per BQO m of channel decreased 22% from old-growth levels 5 yr after h m e s t and 35% after 50 yr in streams 5 m wide (Fig. 1OA) . The magnitude of decrease became progressively greater with increasing channel width, with a depression in LWD volume of 47 and 86% in channels 10 and 15 m wide, respectively, 5 yr after harvest. The very large drop in volume in the larger streams is an indication of the decrease in both piece frequency and piece size. LWD volume decreased 71 and 94% from old-growth levels in channels B O and B 5 m wide, respectively, 50 yr after logging. The rate of decrease in LWD abundance between our old-growth and second-growth sites is comparable with that reported in other studies (Grette 1985; Murphy and Moski 1989) . However, our data showed that the majority of this decrease occumged within the first 5 yr after harvest.
Pool frequency in channels 5 m wide is only slightly greater at old-growth sites than at clear-cut and second-growth sites (Fig. 10B) . However, in 10-and 15-m-wide streams, pool frequency decreased by more than 50% in the 5 yr after harvest and thkn changed reiatively little over the next 45 yr. Estimated decreases in sediment stored by LWD over time were greater than 50% for all three sized streams, with nearly all the change occurring shortly after timber harvest (Fig. BK) .
Fine debris volume decreases at a much greater relative rate than LWD following removal of the streamside vegetation (Fig. 10D) . per 300 rn of stream length must be retained after timber havest, varying as a function of channel width (Bilby and Wasseman 1989) . The width of the protected area also varies with stream size, ranging from 8 to 38 m on either side of the channel. Thus, the patterns of change in LWD abundance and function seen in this study resulted from timber harvest practices that are no longer in use. However, until the early 1980s, the trees along many streams were removed during timber h avest. The effect of this practice was the ereation of riparian stands composed largely of red alder. Our data indicate that riparian zones with this type of vegetative composition (our second-growth sites) may not supply sufficient LWD, especially to larger streams. Also, the rapidly decomposing fine organic matter produced by deciduous vegetation is less effective at influencing channel structure than that from coniferous trees. Encouragement of conifer growth in riparian zones dominated by red alder may help alleviate some of these problems. The vegetative and structural diversity of alder-dominated riparian stands may be increased by active management. Planting of conifer seedlings in riparian m a s might be successful if the proper conditions for survival and growth can be created (Emmingham et al . 1989) . Clearing small aeas of riparian vegetation would be necessary in most cases to provide the eonditions required by shade-intolerant conifer species, such as Douglas fi. Control of understory vegetation for several yeas could also be necessary. Release of suppressed conifers already present in the riparian area by removing the overstory is another possible option (Ferguson and Adams 1980). The influence of fine organic debris on LWD function also suggests that vegetative characteristics of the riparian zone should be considered when selecting locations for stream habitat enhancement projects that include placement of wood. Our study indicates that LWD placement in streams would achieve improved results if conducted on a site receiving large inputs of fine coniferous debris.
